Cellulase induction by 3-glucodisaccharides was investigated by using non-cellulase-induced mycelia of Penicillium purpurogenum P-26, a highly-cellulase-producing fungus. Gentiobiose induced significant amounts of cellulase compared with cellobiose when nojirimycin was added to the induction medium to inhibit extracellular I8-glucosidase activity. Thiogentiobiose (6-S-4-D-glucopyranosyl-6-thio-D-glucose), a sulfur-containing analog of gentiobiose, was more effective for cellulase induction than gentiobiose even in the absence of nojirimycin. Thiogentiobiose appeared to be a gratuitous inducer since it was not metabolized during cellulase induction. Gentiobiose was formed from cellobiose by the intracellular j8-glucosidase of P. purpurogenum. These findings indicate that gentiobiose is an active inducer of cellulase for this fungus and may possibly be formed by intracellular ,1-glucosidase from cellobiose.
In cellulase-producing microorganisms, cellulose is a common inducer of cellulase formation (12, 16, 17) . Since cellulose is insoluble and impermeable to organisms, a soluble oligosaccharide(s) such as cellobiose, lactose, or sophorose is considered to act as a direct inducer(s) of cellulase (3, 4, 6, 12, 14-17, 19, 23-25) . Of these oligosaccharides, cellobiose is a common product formed from cellulose by exo-cellobiohydrolase and is considered to be a natural inducer (12, 16, 24) . However, the productivity of cellulase obtained with cellobiose is usually much less than that obtained with cellulose (16, 17, 24, 25) . An investigation of the "active" inducer for cellulase formation has thus only started, and a mechanism for cellulase induction remains to be clarified.
Penicillium purpurogenum P-26, a potent cellulase-producing fungus, was isolated in our laboratory (27) , and its multiple cellulolytic enzymes, including extracellular cellobiohydrolases (Avicelases), endo-P-1,4-glucanases (CMC ases), and P-glucosidase, were purified to elucidate their enzymatic characteristics (8, 9, 11) . In early studies, cellulase production by the fungus was shown to be remarkably enhanced by cellobiose-octaacetate as a carbon source despite its insolubility and impermeability to organisms (27) . Cellobiose-octaacetate caused the fungus to give enzyme productivity comparable to that given by Trichoderma longibrachiatum ("Trichoderma reesei") QM 9414, a wellknown, powerful, cellulase-producing mutant. Cellobioseoctaacetate was found to be solubilized by acetyl esterase secreted into the culture broth (10) , and the hydrolysate consisting of a series of acetylcellobioses including mono-, di-, and tri-O-acetylcellobioses could stimulate cellulase induction (26) . The acetyl group of the acetylcellobioses appeared to prevent degradation of cellobiose by exposure to extracellular ,B-glucosidase (26) . On the basis of the assumption that cellobiose is an active inducer and that it must be provided into the cells for cellulase to be induced in this study, we examined cellulase induction by cellobiose and other ,B-glucodisaccharides in the presence and absence of a 3-glucosidase inhibitor to clarify the active inducer for the fungus.
MATERIALS AND METHODS
Microorganism. P. purpurogenum P-26 isolated from soil in our laboratory (27) was used throughout this work and maintained on potato glucose agar slant.
Preparation of washed mycelia. Spores obtained from a potato glucose agar slant culture were inoculated in 500-ml shaking flasks each containing 100 ml of basal medium. The basal medium, based on that for T. reesei (24) (P-glucosidase) was measured as released reducing sugars by the method previously described (10, 26) . One unit of enzyme activity was defined as the amount of enzyme that released 1 ,umol of reducing sugar (glucose equivalent) per min under the assay conditions. Specific activity was expressed as milliunits of activity per milligram (dry mycelial weight).
TLC. For the development of neutral sugars, samples were spotted on a thin-layer chromatography (TLC) plate (Merck TLC cellulose plate) and developed twice with a solvent system of 1-butanol-pyridine-water (6:4:3, by volume). Sugars were detected by the aniline hydrogen phthalate reagent (21) .
Preparation of crude enzyme from cellulose-grown culture. P. purpurogenum was cultivated in the above medium except that glycerol was replaced by microcrystalline cellulose (10 g/liter) for 9 days. After centrifugation at 10,000 x g for 10 min, the supernatant was used as a crude extracellular enzyme. The pellet harvested by centrifugation was washed with cold water, suspended in ice-cold 20 mM potassium phosphate buffer (pH 6.5), and disrupted by two passes through a French press (model 5501M; Ohtake Works) at a pressure of 1,200 kg/cm2. After centrifugation at 34,000 x g for 20 min (4C), the supernatant was used as a crude intracellular enzyme. The residual pellet was washed with the same buffer and resuspended in it. The suspension was used as a mycelium-associated enzyme.
Chemicals. Thiogentiobiose (6-S-,3-D-glucopyranosyl-6-thio-D-glucose) was synthesized by the method of Hutson (7) . Sophorose was synthesized by the method of Coxon and Fletcher (2) . Nojirimycin was kindly provided by Meiji Seika Co., Ltd., Yokohama, Japan. Microcrystalline cellulose (Avicel SF) was from Asahi Chemical Ind. Co., Tokyo, Japan. 
RESULTS
Induction of cellulase by ,-glucodisaccharides in the presence of nojirimycin. Non-cellulase-induced mycelia were incubated with cellobiose, but cellobiose had no inductive effect in the induction medium and was consumed within 12 h. This was probably because extracellular 3-glucosidase secreted constitutively into the medium readily split cellobiose into glucose. On the basis of the assumption that cellobiose must be provided into the cells without cleavage for cellulase to be induced, we examined the cellulase induction by cellobiose in the presence of nojirimycin, a potent P-glucosidase inhibitor. Figure 1 shows that cellobiose could induce cellulase when nojirimycin was present. Among various concentrations of nojirimycin, 10 ,ug/ml gave the highest cellulase productivity.
To investigate the cellulase induction by ,B-glucodisaccharides, the non-cellulase-induced mycelia were subsequently incubated with ,-1,2-, ,-1,3-, P-1,4-, and P-1,6-glucodisaccharides separately in the presence or absence of 10 ,ug of nojirimycin per ml. Table 1 shows that all of the P-glucodisaccharides examined induced cellulase only when nojirimycin was present. Of these saccharides, gentiobiose was by far the most effective inducer of both cellulases and P-glucosidase formation, whereas 36% of gentiobiose added still remained after 48 h of incubation.
Gentiobiose formation by the intracellular enzyme. Since ,B-Glucosidase activity was measured by using salicin as a substrate as described previously (10) .
gentiobiose appeared to be a potent cellulase inducer from the above results, the possibility that gentiobiose had been formed intracellularly from cellobiose was investigated. The crude intracellular enzyme was prepared from cells grown on microcrystalline cellulose. The crude intracellular enzyme showed P-glucosidase activity (0.9 U/mg of protein at pH 6). As shown in Fig. 2 , the pH optimum for activity was around 6.0.
The reaction products from cellobiose and the crude enzyme were analyzed by TLC. The reaction was carried out at pH 6.0. As shown in Fig. 3 , not only glucose but also gentiobiose and laminaribiose were formed from cellobiose. Although laminaribiose finally disappeared, gentiobiose still remained after 4 h of incubation. When laminaribiose was incubated with the enzyme, gentiobiose and glucose were formed but cellobiose was not. Gentiobiose formed from laminaribiose remained even after 4 h of incubation (data not shown). No transglycosylation products were observed when the extracellular enzyme or the mycelium-associated enzyme was reacted with cellobiose under the same conditions (data not shown).
Effect of pH on cellulase induction by gentiobiose. Noncellulase-induced mycelia were incubated with gentiobiose in the presence of nojirimycin under various pH conditions, and the effect of pH on cellulase induction was examined. As shown in Table 2 , gentiobiose induced cellulase in the presence of nojirimycin in the range of pH 5.5 to 6.5. The optimum pH for cellulase induction was 6.0, which was the same as the optimum pH for the activity of intracellular ,-glucosidase (Fig. 2) .
Induction of cellulase by sulfur-containing analog of gentiobiose. Since thio-analog of gentiobiose was expected to function as a potent and nonmetabolizable inducer from the above findings, we synthesized thiogentiobiose and compared its inductive effect with that of gentiobiose. Table 3 shows thiogentiobiose to be quite as effective as gentiobiose and to induce significant amounts of cellulase and P-glucosi- biose, suggesting that thiogentiobiose was not a readily metabolizable inducer.
DISCUSSION
The induction of cellulase by cellobiose or sophorose has been extensively investigated (3, 6, 12-17, 19, 24, 25) . However, few descriptions are available on cellulase induction by gentiobiose. Nisizawa et al. suggested that the inductive effect of gentiobiose was much lower than that of sophorose in Trichoderma viride (19) and believed that the effect of gentiobiose might be ascribed to the contaminant sophorose in the gentiobiose which they prepared. The present work thus appears to be the first to demonstrate that gentiobiose functions as a very effective inducer for cellulase formation.
In P. purpurogenum, gentiobiose was found to induce significant amounts of cellulase in the presence of nojirimycin (Table 1) . Without nojirimycin, gentiobiose showed no inductive effect on cellulase formation probably because it was hydrolyzed to glucose by extracellular P-glucosidase.
The effect observed with gentiobiose for cellulase induction was substantiated by using thiogentiobiose, a sulfur-containing analog of gentiobiose (Table 3) . When we used thiogentiobiose as an inducer, almost all of it remained unhydro- lyzed during the induction of cellulase (Table 3 ). This indicates that thiogentiobiose is apparently not readily metabolized; thus, the induction of cellulase by thiogentiobiose may be gratuitous, similar to the induction of 3-galactosidase by isopropyl-p-D-thiogalactoside in Escherichia coli (18) .
The only study on the gratuitous induction of cellulase is that of Rho et al. (22) . They synthesized thiocellobiose and found it effective for cellulase induction in Schizophyllum commune.
Readily metabolizable glucodisaccharides such as cellobiose or gentiobiose serve not only as inducers of cellulase biosynthesis but also as carbon sources for cell growth. When they are consumed, the kinetics of cellulase induction become complicated because of other nonspecific metabolic reactions. Thiogentiobiose should thus be useful for examining the kinetics of cellulase induction in P. purpurogenum.
In induction of P-galactosidsae in E. coli, a true inducer is not lactose but allolactose (6-O-p-D-galactopyranosyl-D-glucose), which is a transglycosylation product from lactose by ,-galactosidase itself (1). This finding serves as a good example for explaining our results. In P. purpurogenum, the formation of gentiobiose from cellobiose in vivo appeared to be catalyzed by intracellular ,-glucosidase because of the following results: gentiobiose was formed from cellobiose by intracellular crude enzyme which had 3-glucosidase activity (Fig. 3) . The most favorable pH of intracellular 3-glucosidase was around pH 6.0 (Fig. 2) , which may be close to the pH inside cells. Furthermore, the optimum pH for cellulase induction by gentiobiose in the presence of nojirimycin was also around 6.0 (Table 2) .
Gong and Tsao have proposed a general model of regulation of cellulase biosynthesis (5). They emphasize the importance of intracellular P-glucosidase in the regulation of the levels of glucose, cellobiose, and the actual inducer formed from cellobiose by the transglycosylation reaction. Umile and Kubicek also suggest that plasma membrane-bound ,B-glucosidase converts the breakdown products of cellulose to the actual intracellular inducer (sophorose) in T. reesei (28) . In conclusion, we believe that induction of cellulase by cellulose occurs by the following process: cellulose is hydrolyzed by low constitutive levels of cellulase to provide cellobiose, some of which is transported into the cell without cleavage by extracellular P-glucosidase. The intracellular cellobiose is subsequently transformed to gentiobiose, an active inducer, by intracellular P-glucosidase, and gentiobiose enhances the rate of cellulase biosynthesis.
Kinetic studies with thiogentiobiose as a nonmetabolizable inducer and further characterization of intracellular P-glucosidase will be conducted in the future.
